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SUMMARY

Personnel contributing to this contract are: (1) Dr. Eugene Herrin, Principal
Investigator, (2) Paul Golden, Director of Geophysical Laboratory, (3) Karl
Thomason, Chief Engineer, (4) Nancy Cunningham, Director - Computer
Laboratory, (5) David Anderson, Systems Analyst, (6) Dyann Anderson Slosar,
Administration, (7) Herbert Robertson, Consultant, (8) Jack Swanson,
Consultant, and (9) Dr. Gordon G. Sorrells, Consultant. Ph. D. students
include: (1) Chris Hayward, (2) Relu Burlacu, (3) Zenglin Cui, (4) Jessie
Bonner, and (5) Ileana Tibuleac.

Objectives

Objectives of the contract are twofold: (1) to conduct research in seismic-array
technology and use of data from single stations and sparse networks, and (2)
to design, evaluate, and construct two experimental arrays, TEXESS in
Southwest Texas and LUXESS (Luxor Experimental Seismic System), which is
northeast of Luxor, Egypt. These two tasks are dubbed CLIN 1 and CLIN 2.

The original CLIN 1 objectives were to: (1) conduct research in the use of
single station and sparse network data in detecting and identifying small
seismic events, (2) conduct research to develop optimum configurations and
processing techniques for a nine-element experimental array, and (3) to
continue development of an unmanned intelligent seismic station. These
objectives have been revised by the Project Office in April 1994 as described on
page 4 under Implications for Further Research. The contract has
subsequently been revised to include acoustical research as a CLINT objective.

CLIN 2 objectives are to: (1) acquire hardware and software, (2) install TEXESS,
(3) perform site surveys and choose location for LUXESS, (4) test TEXESS and
perform verification tests prior to de-installation, (5) de-install TEXESS, (6)
complete civil work in Egypt, (7) install and test LUXESS, (8) de-install data
acquisition, analysis and archiving equipment and ship to Helwan, Egypt,
data center, and (9) install and test data acquisition, analysis and archiving
equipment at Helwan data center. The contract is in the process of being
extended to include additional tasks under CLIN2 regarding the




establishment of the Egyptian array. TEXESS has recently been designated
TXAR, which will be used when appropriate in the remainder of this report.

Technical Problem

The German Experimental Seismic System was dedicated in 1992 and
represents an upgrade for regional arrays. Although GERESS was
technologically advanced over NORESS and ARCESS, which were earlier
regional arrays, because of greater sensitivity and wider dynamic range, there
was a considerable effort that resulted in increased costs for pier and vault
construction and trenching for power cabling. Now, in TXAR, innovations in
emplacement techniques, such as the installation of sensors in shallow
boreholes instead of vaults and the use of solar power at each site to eliminate
cabling from a central-power source, that have reduced array-installation costs
by an order of magnitude. Other innovations are discussed below. TXAR is,
therefore, a proposed design for a GSE-Alpha station because of these cost-
cutting innovations. In addition to design, construction, installation, and
operation, of TXAR, research will be undertaken to develop new means of

taking data and handling the data.

General Methodology

In GSE/US/84, February 1993, entitled "Technical Concepts for an
International Data Exchange System," the GSE established the design goals of
a future system. Goals are as follows:

1. Provide prompt access to all essential data

2. Provide convenient access to all available data

3. Provide direct access to all data at authorized national and global facilities

4. Accomplish goals with realistic manpower and budget resources.

The new concept of a global system for data exchange calls for an Alpha
Network of 40-60 stations, primarily arrays; plus much greater than 60
Regional or Beta Stations; plus Local and National Networks or Gamma

Stations.




SMU began research on experimental-array technology in 1991 on a previous
contract. The proposed design was along the lines of an Alpha Station
consisting of an array containing nine sites. Advancements over the GERESS
design included the following:

1. The placement of seismometers and electronics in boreholes to greatly
reduce construction costs for piers and vaults

2. The use solar power at each site rather than a central-power source

3. The use GPS receivers for time data at each seismometer site to replace

central timing from the Hub

4. The employment of radio links from seismometer sites to the Hub to
replace cable links and associated construction costs

5. The use of modular equipment to facilitate the installation and

maintenance of the array.

Four shallow boreholes about 7 meters deep and 11-5/8 in. in diameter were
drilled and cased with standard 8-in. pipe. Special equipment and techniques
were developed to lower and level seismometers in the boreholes. A
prototype solar power array and directional antenna were also developed for
installation at LTX.

Technical Results

The limited program described above was successful and SMU was granted a
contract to design, evaluate, and construct two nine- element experimental

arrays: TEXESS and LUXESS.
Important Findings and Conclusions

The SMU mini-array research program that was begun in 1991 under the
previous contract proved the feasibility of the proposed design and

methodology described above.




Significant Hardware Development

Preliminary research has led to the following hardware developments:

1.The development of seismometer emplacement techniques in boreholes,
including remote seismometer locking eliminated the need for vaults
2.Advancements in computer applications and radio modems allow all
necessary electronic components to fit inside a 8-in. casing to provide physical
protection and a more stable environment for the electronics

3. The use of Global Positioning Satellite (GPS) receivers to obtain timing
accurate to within 10 ms of world time assuring time synchronization of the
array .

4. The use of modern digital radio modems allows the system to perform as a
local area network referred to as a RAN (Radio Area Network); radio polling
software provides wide bandwidth intra-array communications while
requiring two base-station radios; the need for expensive buried fiber-optic
cable is eliminated

5. A NEMA enclosure is mounted on top of the borehole and is used to house
the batteries and as a mount for the solar-power array; the GPS receiver and

radio antenna are mounted above it.

Special Comments

The task of adapting the solar-panel arrays at Lajitas to the LUXOR
environment is simplified somewhat in that both TXAR and LUXESS are at
approximately the same latitude, 30 deg North; both are in arid climatic
zones; and both have about 3,500 annual hours of sunshine. As a result, there
would be no need to modify the prototypic TXAR design because of differing
environmental conditions at LUXESS.

Implications for Further Research

CLIN 1 objectives were revised by the Project Office in April 1994 to: (1)
conduct research to develop optimum configurations and processing
techniques for nine- and sixteen-element short-period arrays, (2) conduct
research in discrimination of nuclear events using autoregressive (AR)
modeling techniques on Lg data, and (3) conduct research in measuring 20-
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second Rayleigh waves at regional distances using high-resolution, wide-
dynamic-range, short-period, seismic-array data and broadband KS 36000 data.

CLIN 1 -- RESEARCH

Array Research

Conduct research to develop optimum configurations and processing
techniques for nine-and-sixteen element short-period arrays,

In Scientific Report No. 1, PL-TR-94-2106, ADA284580, we discussed the
problems of the large scatter of the order of + 15 deg of azimuth estimates at
GERESS after f-k processing. In order to address this problem, SMU research
has concentrated on developing a time-domain processing techniques to
reduce this statistic using the nine-element TXAR array. The array-processing
technique is similar to that described by Bernard Massinon in his paper
entitled "The French seismic network - current status and future prospects,”
which he presented at the GERESS Dedication and Symposium on 24 June
1992. The processirig algorithm developed by SMU using GERESS D-ring data,
which approximates the proposed 9-element TEXESS array, was presented in
SMU-R-92-39%6, p. 14-17.

In Scientific Report No. 2, PL-TR-94-2258, ADA292546, array—proceésing
research is described in Appendix 1. Specifically, Appendix 1 describes work
on time-domain processing of GERESS and TXAR data to decrease azimuthal-
error statistics with respect to that obtained by f-k processing. Time-domain
processing has resulted in a reduction of azimuthal standard deviations from
+ 15 degrees with f-k processing to + 1.4 degrees with time-domain processing
of TXAR data. The plan is to integrate the time-domain process with a
detector that is being developed by Chris Hayward in order to automate array
processing. Code is being developed as part of a joint-research project with

Mission Research, Inc.




Calibration Studies

Calibration research at TXAR was addressed in Appendix A of Scientific
Report No. 4, PL-TR-95-2091. A modified version of the correlation method
described by Cansi, Plantet and Massinon in their 1993 paper entitled
"Earthquake location applied to a mini-array: K-Spectrum versus correlation
method" in Geophysical Research Letters, vol 17, p. 1819-1822 was used to
estimate azimuth and horizontal phase velocity of 36 events recorded at
TXAR for which we had USGS mp values. Modifications to the correlation
method include Fourier interpolation of the data by a factor of 8 to obtain a
virtual sample rate of 320/sec, use of an L-1 technique (least absolute
deviation) to obtain estimates of azimuth and phase velocity, and a moving
window display to indicate those portions of the waveform that show
strongest correlation across the array. Observed bias in estimated azimuth as
large as 15° was found to be dependent on both distance and true azimuth.

This paragraph includes recent corrections not included in Appendix A of

Scientific Report No. 4, PI-TR-95-2091. Corrections have been forwarded to

AFTAC and CMO. Based on 150 well located events (USGS), we have

determined to the first order the attitude of the MOHO beneath TXAR to be:
Strike azimuth 111 deg (ESE)

Dip 10 deg north
This result is consistent with the tectonic setting for the area.

This structure leads to bias in estimates of back azimuth and phase velocity
(or slowness) using TXAR arrival data. The following corrections should be

made to the estimates:

Azimuth correction (dZ)
Add to the estimated back azimuth (Z') in degrees

dZ = -7.44 cos (Z'-111.2)

Phase velocity correction (dV)
Add to the estimated phase velocity (V') in order to
correct to the IASPI standard crustal model

dV =-[0.44 + 0.86 cos (Z' + 0.12)]




We have also determined regional and teleseismic magnitude formulas for
TXAR that are calibrated to mb (USGS) as follows:

For corrected phase velocity less than 8.6 km/sec:
, m=1log A +24logD-3.95

For corrected phase velocity 8.6 km/sec or greater:
m =log A +2.4log D -4.39,
Where A is maximum O - P amplitude in nanometers in the first 5 sec, and D
is the epicentral distance in km.

Discrimination Research

Conduct research in discrimination of nuclear events using
autoregressive (AR) modeling techniques on Lg data

In the framework of a Comprehensive Test Ban Treaty (CTBT),
discrimination between low-yield or decoupled nuclear explosions, economic
explosions and small shallow earthquakes using the characteristics of the
seismic waves becomes very important. Some of the economic explosions are
multiple-source events with a time and space pattern dependent upon the
type of application. The superposition of the seismic motion in the time
domain leads to regular amplification and suppression of spectral power in
the frequency domain. As, in general, single events (single explosions or
earthquakes) do not exhibit spectral modulations, their presence can be used
in the discrimination between single and multiple events. The aim of the
present study is to develop a fast and robust method of discriminating
between earthquakes and economic explosions based on differences observed
in the spectral content of the regional waveforms. The method is based on the
parametric estimation of the power-spectral density (PSD) using the
autoregressive (AR) Burg algorithm of order 3, which provides a fast method
to emphasize the spectral differences.

In Scientific Report No. 2, PL-TR-94-2106, ADA284850, AR modeling is
described in Appendices 2 and 4. The initial data set (see Table 1 of said
report) includes about 30 mine explosions and earthquakes from the




Vogtland area of Czechoslovakia about 200 km northwest of GERESS. The
frequency and reciprocal pole position of the complex pole in the AR (3)
models were calculated using the Lg arrival for the Vogtland events recorded
at GERESS in Table 1 of Scientific Report No. 3, PL-TR-95-2023, ADA295787.
Figure 1 of Scientific Report No. 3, shows a clear separation of explosions and
earthquakes with the latter having broad spectra with "weak" poles above 6
Hz whereas the explosions all show much "stronger" poles at frequencies less
than 5 Hz. The AR (3) method appears to be an effective discriminant for
small explosions and small earthquakes. Further work will be to answer
questions regarding the method: (1) its effectiveness in other areas such as the
Middle East, (2) its effectiveness using larger events, and (3) why the method

works as well as it does?

In a corollary discrimation study, phase-matched-filtering techniques were
used to analyze Rg dispersion from mine blasts. Appendix A is a paper by
Jessie Bonner, Eugene Herrin, and Tom Goforth of Baylor University entitled
"Azimuthal Variations of Rg Energy in Central Texas."

Conduct Mg:mp research by measuring 20-second Rayleigh waves at
regional distances using high-resolution, wide-dynamic-range, short-
period, seismic-array data and broadband KS 54000 data.

The Mg:mp discriminant has been investigated by a number of researchers for

both regional and teleseismic events and explosions. Bases for the
discriminant are (1) that explosions emit more energy in the form of high-
frequency body waves and (2) that earthquakes emit more energy in surface
waves having low frequency radiation; therefore, an Ms:mp plot displays a
significant separation of the two populations. The problem with the method
is that of identifying small explosions; that is, the problem boils down to
seismograph sensitivity. With the installation of new high-dynamic-range
seismographs at TXAR, planned research includes the determination of Ms
from small earthquakes at regional distances using the TXAR array data
recorded by short-period GS-13 seismometers and a posthole, broadband KS
54000 seismometer. In Scientific Report No. 2, Mg:mp, studies were described
in Appendices 3 and 4, and were excerpted in this section of Scientific Report

No. 3, PL-TR-95-2023.




Acoustic Research

During the week of 21 September, a microbarograph pipe array was installed
at TXAR, collocated with the posthole broadband system at the hub. The array
consists of six, 50-ft-long hoses, each with multiple ports, feeding into 2
common collector, dubbed the bomb, wherein the summed acoustic output is
then fed into a single, solid hose containing a condenser microphone, which
is suspended in a borehole. The microphone has been replaced by a pressure
transducer, and its output is recorded on one channel of the CIM.
Microbarograph data are being continuously transmitted to SMU for

evaluation.

This is the first phase of a research program to analyze the origins of seismo-
acoustic signals recorded at TXAR. Appendix B of this report is a paper by
Eugene Herrin and others entitled "Seismo-Acoustic Synergy,” which
provides background information on the advantages of collocating infrasonic
and seismic sensors. Appendix C is a paper by G. G. Sorrells entitled "Seismo-
Acoustic Research,” which addresses the present research program.

CLIN 2 -- DESIGN, EVALUATION, AND CONSTRUCTION OF TXAR AND
LUXESS

Experimental-Array Program

Information on the experimental-array program at SMU on the previous
contract was presented in SMU-R-92-396, and in Scientific Report No. 1, PL-
TR-94-2106, ADA284580.

TXAR AND LUXESS

Information on CLIN 2 has been presented in Scientific Report No. 1, PL-TR-
94-2106, Scientific Report No. 2, PL-TR-94-2258, ADA292546, and Scientific
Report No. 3. Since the submission of Scientific Report No. 3, an extension to
the contract has been been granted to install LUXESS because of unavoidable
delays. As a result, six additional tasks have been added.




Acquisition of Hardware and Software

The First and Second Quarterly R & D Status Reports cover the acquisition of
hardware and software. TEXESS and LUXESS equipment are discussed in
Scientific Report No. 1, PL-TR-94-2106. Instructions for the installation of the
Posthole 54000 seismometer are presented in Appendix 5 of Scientific Report

No. 2.
Array Hardware

Hardware is discussed in the Scientific Report No. 1, PL-TR-94-2106,
ADA284580.

Computer Hardware

Computer equipment is discussed in the Scientific Report No. 1, PL-TR-94-
2106, ADA284580.

Software

Acquisition of software was addressed in Scientific Report No. 1, PL-TR-94-
2106, ADA284580.

Install TXAR

Layout

TXAR layout is discussed in Scientific Report No. 1, PL-TR-94-2106,
ADA284580, and the relocation of C1 was discussed in Scientific Report No. 4,
PL-TR-95-2091. Since then, the A, B, and C site prefixes have been superseded

by TX prefixes as shown in Figure 1.

As mentioned in Scientific Report No. 4, information about TXAR, which
has been compiled by Chris Hayward of SMU, can now be accessed on Internet
via the World Wide Web at:

http:/ /inge.css.gov:65123/WebIDC/About_TXAR/
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Figure 1 TXAR map showing new site designations.
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Installation

Installation is discussed in the Scientific Report No. 1, PL-TR-94-2106,
ADA284580.

Perform Site Surveys and Choose Locations for LUXESS

As mentioned in Scientific Report No. 3, PL-TR-95-2023, two locations have
been identified from satellite photos and maps for LUXESS, which are on
granitic bodies located north of the road between Luxor and Quseir. Figure 4
of Scientific Report No. 3 is a digitally-enhanced LandSat image of the two
circular granitic intrusions. The specific site for LUXESS will be selected by a

team composed of SMU and Egyptian scientists.

Test TXAR Prior To De-installation

TXAR has been operational since 30 August 1993, but outages as discussed in
this section of Scientific Report No. 3, PL-TR-95-2023, have led to
reconfigurations as discussed in this Scientific Report No. 4, P1-TR-95-2091,

which should improve overall reliability.

Addition changes at TXAR have recently been made including CIM
modification at TX01, AIM repair at TX07, installation of the microbaraograph

array as mentioned previously, and site retrofit.
De-install TXAR

The present plan is to de-install all equipment except the seismometers, and

transport said equipment to LUXESS. Equipment tagged for shipping includes
the AIMs, radios, antennas, solar panels, batteries, NEMA enclosures, CIMs,

and UPS.
Additional Tasks

Additional tasks such as training of Egyptian representatives, spare parts for
LUXESS, and the broadband system were covered in Scientific Report No. 4,

PL-TR-95-2091, pages 13 and 14.
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APPENDIX A -- AZIMUTHAL VARIATIONS OF RG ENERGY IN CENTRAL
TEXAS

Jessie Bonner, Eugene Herrin, and Tom Goforth
Abstract

In this article, we present the results of a study of short-period surface waves from chemical
explosions at a limestone quarry 40 km west of Waco, Texas. Our purpose is twofold; first, to
obtain reliable dispersion curves for the surface waves being generated, and second, to establish
any azimuthal variations in relative Rg (fundamental-mode, short-period Rayleigh wave)
energy at azimuths around the quarry, including the quarry pit's influence an these energy
variations. Observed dispersion curves were interpreted using theoretical dispersion curves
that consider the estimated values of Poisson’s ratio (0.35-0.4) for the upper crust of central
Texas. The Rg dispersion essentially has three different sections; an inversely dispersed
branch complicated by the presence of higher modes (at periods less than 0.6 seconds), a group
velocity minima (at periods between 0.6 and 0.7 seconds), and normally dispersed Rg (between
0.7 and 3.0 seconds with an inflection point near 1.7 seconds). In the period interval between 0.7
and 1.5 seconds, multipathing complicates the interpretation of the dispersion curve by creating
spectral holes in the multiple filter analysis (MFA), a single station routine for calculating
group-velocity dispersion. Spectral holes must be dealt with before interpreting the final
dispersion curve, which is then used to extract Rg from the complex wave train by phase match
filtering (PMF). Rg extracted from paths not traversing the open pit of the quarry have more
energy than paths influenced by the open pit. Likewise, higher-mode energy exceeds
fundamental-mode energy only when the propagation path includes the open pit. Implications

for these observations are discussed.
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Introduction

The presence of short-period fundamental-mode Rayleigh waves (Rg) often
observed on seismograms from explosions is an indication of shallow source
depth (Bath, 1975; Kafka, 1990). The Rg dispersion may be used to investigate
crustal velocity structure (McEvilly and Stauder, 1965; Herrmann, 1969;
Anderson and Dorman, 1973; Kocaoglu and Long, 1993; Bonner, 1993).
Unfortunately, the ability to extract Rg can be problematic because of the
complexity of short-period local seismograms recorded at distances less than

200 km.

On short-period seismograms in Central Texas, Rg waves are most prominent
at epicentral distances of 8 to 175 km where propagation paths traverse strata
characterized by the low-velocity sediments deposited during the Cretaceous
period. At distances greater than 175 km, Rg is no longer observed probably
because of modal convergence into Lg. This modal convergence begins much
earlier in the propagation paths on some records, an effect that was first noted
when using Rg as a depth discriminant between chemical explosions and
microearthquakes along the Mexia Fault Zone in Central Texas (Goforth and
Bonner, 1995). Goforth and Bonner observed a correlation between the
presence or absence of Rg in the quarry blast seismograms and the alignment
of the quarry faces relative to the propagation paths to the recording sites.

In this article, we investigate seismograms from explosions at the Chemical
Lime (Chemlime) limestone quarry, 40 km west of Waco, Texas, by
evaluating which Rayleigh wave modes are generated by the explosions and
by examining the azimuthal variation of relative Rg energy in relation to the
open pit of the quarry. Dispersion curves are calculated by multiple filter
analyses (MFA)(Herrmann, 1973; Dziewonski, et. al, 1969), a single-station
method of determining group-velocity dispersion. These observed curves are
compared with theoretical dispersion curves to determine the modes present
in the surface-wave train and especially to determine the observed
bandwidth of Rg. These dispersion curves are then used to extract Rg from
the waveform through use of the phase-match filtering (PMF) technique

14




(Herrin and Goforth, 1977) . The relative energy in the extracted Rg is then
compared for azimuths around the quarry.

Data Acquisition

This study involves seismograms from three blasts at Chemlime on June 28,
July 12, and July 17, 1994. The June 28 (Table A1) and July 12 blasts were shot
on a northwest trending (azimuth 325°) face of limestone (Edwards
formation of Cretaceous age) approximately 12 meters high above the quarry
floor (Figure A1). The July 17 detonation (Table Al) occurred on a wall
approximately perpendicular to the previous one (azimuth 559) in the same

stratigraphic unit.

Table 1. Parameters for Chemline quarry blasts

Blast parameters 28 Jun '94 12 Jul '94 12 Jul '94
Number of holes 42 40 28
Total ANFO (1b) 6964 6540 4856
Powder factor 0.32 0.30 0.32
Rocks moved (tons) 21,157 21,246 14,872

Seismograms were to be recorded on ten Sprengnether 6000 three-
component, 2 Hz geophones connected to Reflection Technologies (REFTEK)
DAS 72-0A systems. A Teledyne Geotech PDAS 100 system, placed at the
quarry, recorded the origin time for each event. Ten sites were selected to
surround the quarry at a distance of approximately 10 km. At this distance,
the surface wave train consists of a complex mix of higher and fundamental-
mode surface waves. Field logistics and accessibility resulted in a skewed
network (Figure A2) with the seismometers ranging from 9.2 km (B7, B8) to
12.85 km (B10) from the quarry. At each site, the seismometer was buried in a
1-2 meter deep hole, and the recorder was set up to use STA/LTA trigger. Disk
failure at two sites (B6 and B4) reduced the active network to eight sites.
Additional failures on the dates of the blasts resulted in seven stations
recording the June 28 and July 17 blasts, and six recording the July 12, blast.

15




Sample rates were 100 samples per second for the June 28 blast, and 125
samples per second for the July 12 and July 17 blasts. The data were
transferred to a workstation and corrected for the instrument response.
Because the bandwidth for Rg (0.2 to 2.75 seconds period) includes the 2 Hz
(0.5 seconds period) instrument corner frequency where the maximum phase
shift occurs, both amplitude and phase corrections were applied prior to
phase-matched filtering. The correction was made by dividing the complex
Fourier transform (FT) of the signal by the complex seismometer response.
The inverse FT of the result is the corrected waveform used in the study.

Modal Characterization of Central Texas Surface Waves

Each vertical component seismogram was studied to determine the
characteristics of all prominent phases, with the emphasis on the surface
wave train. A previous study by Gupta and Hartenberger (1981) considered
the seismic phases recorded at 0.5 to 3.0 km from a quarry blast along a
propagation path in sedimentary rocks. They noted five distinct phases on
each record: the P-wave first arrival; a complex wave train consisting of
higher-mode Rayleigh waves; a precursor to the air-blast wave; the air blast
wave; and the air-coupled Rayleigh waves. Records from the June 28 blast
show similar results, even though the paths are at least three times longer. In
Figure B3, each record, corrected for the instrument response, is shown as a
function of distance from the quarry and is scaled to the same amplitude scale
in cm/sec. Each record has an emergent P-wave first arrival and coda,
followed by a complex surface wave train. Figure A3 does not show the
observed air blast and associated air-coupled Rayleigh waves that arrive some

30 seconds after the origin of the blast.

Gupta and Hartenberger (1981) noted that only higher-mode surface waves
were observed in their data at 0.5 to 3 km. Without filtering, the same
conclusion might be drawn from the June 28 data (Figure A3). Filtering each
trace with a 3 pole, Butterworth, bandpass filter between 0.4 and 2 Hz will
show the presence of low frequency energy (Rg) in the signal, that is not
obvious from Figure A3; however, it will be shown later that this bandwidth
does not accurately represent the entire Rg signal. The seismograms from the
July 12 and July 17 blasts (Figures A4 and AS5) are also presented.
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Figure Al. Schematic representation of the Chemical Lime (Chemlime)
quarry pit 40 km west of Waco, Texas showing the approximate size and
shape of the quarry. The stratigraphic unit being quarried is the Edwards
Formation, a Cretaceous limestone of approximately 32’ thickness at this
location. Three explosions were recorded at this quarry; (1) June 28, 1994 (2)
July 12, 1994, and (3) July 17, 1994. The direction of the ripple firing is shown

for each blast.
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Figure A2. Portable network of seismometers used to record three chemical
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which was located in the characteristic rocky soils associated with the Edwards

formation.
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Figure A3. The vertical-component seismograms, corrected for the
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the same amplitude and time scales. The waveforms are plotted as a function
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the presence of coda, higher modes, and other arrivals, unless band-pass
filtering is done in the Rg bandwidth (approximately 0.23 to 2.75 seconds

period).
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Figure A4. The vertical-component seismograms, corrected for the
instrument response, from the July 12, 1994, Chemlime explosion shown at
the same amplitude and time scales. Station B2, which did not trigger for the
June 28 blast, is the first station to note the presence of Rg (seen on the

waveform between 9 and 13 seconds) without filtering.
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In Figure A3, the seismograms from stations B8, B7, B5, and B9 have more
energy in the signal than other stations recording the same blast. A similar
appearance is seen for the other two blasts (Figures A4 and AS5). Spectral
comparisons of these records show that the differences are confined to
frequencies of 16 Hz or less (Figure A6), while the spectra are similar at
frequencies than 16 Hz except in cases where artificial noise was generated (i.e.
Texas longhorn cattle licking the white, salt-block appearing seismometer
case). These differences can not be explained as attenuation effects with
increasing distance, but instead are the result of a combination of source
effects. Ripple direction and duration, scattering, reflection of energy by the
working face, and the existence of the open pit are several factors that might

lead to this asymetrical relative energy proportioning.

Modeling

The first arrival (Pg), (Langston, 1982) is emergent and clearly observed on
most records, and at local distances, Pg travels in the upper crust. The group
velocities of Pg arrivals in this study range from 2.5 to 3.0 km/sec, less than
the average velocities (3.8 to 4.2 km/sec) determined for the upper crust of
Central Texas in a previous study (Bonner, 1993). Any discrepancy results
from the shorter propagation paths (i.e., shallower penetration depths) in this
study. The group velocities of Pg arrivals in Bonner (1993) are in accordance
with values for sedimentary rocks in Oklahoma (Trygvasson and Qualls,

1967).

The low-dipping strata of Central Texas consist of a layer of low-velocity,
fractured, Cretaceous shales, limestones, and sands over a half space of
crystalline limestones and dolomites (Paleozoic) as well as high-velocity
basement granites (Greenvillian). Compressional and shear wave data
interpreted using Chemlime and five other quarries in the area recorded at
Baylor University’s seismic observatory (BUTX) suggest that the low-velocity
surface layers have a Poisson’s ratio (s) of 0.35-0.40. Surface wave propagation

occurs within this low velocity, high s layer.
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Figure A6. Spectral comparison of the recorded blasts at stations B5 and B1 for
the June 28, 1994, Chemlime blast. The Fourier transformed data, smoothed
with a 1 Hz window, shows similar spectra beyond 16 Hz. At frequencies less
frequencies of 16 Hz though, the spectra vary as the result of the asymmetric
nature of energy propagation from the quarry blast.
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Mooney and Bolt (1966) studied the dispersive characteristics of surface waves
for general cases where Poisson’s ratio is high in a sedimentary basin that is
similar to this study’s location in the southeastern margin of the Fort Worth
basin. Using a 3 km layer over a half space and a value of s of 0.35, group
velocity minima appeared at 4.4 sec for the fundamental mode, 1.6 sec for the
first higher mode, and 1 sec for the second higher mode. In another case, even
higher values of s (0.40) were used to simulate surface wave dispersion for a

100-m layer of alluvium. An extremely complicated dispersion pattern |
resulted from this model. The fundamental-mode group-velocity curve had
two steeply rising limbs separated by an inflection point, and a slow travelling
fundamental-mode Airy phase. The first and second higher modes had a least
three group velocity minima. Based on dispersion curves already obtained in
this region (Bonner, 1993), a mixture of both models is needed to distinguish

which modes are being observed.

An alluvium model with a thin, low-velocity, high s layer was combined
with a sedimentary model with one, thicker, low-velocity, high s layer. These
two layers were over a half space (Table A2). The dispersion curves for several
modes were calculated (Herrmann, 1985) and plotted (Figure A7) along with
the crustal model assigned to the Central Texas crust. As reported by Mooney
and Bolt (1966), the fundamental mode has two limbs separated by an
inflection point at approximately 1.25 sec period. The steepness of the rising
limbs depends upon the velocity contrast between the layer and the half
space. Because the velocity contrast is not large between any of the layers in
the model, the dispersion is slight between 1.5 and 3.0 seconds. The higher
modes have at least two group velocity minima, different from Mooney and
Bolt’s alluvium model that had at least three. The dispersion curves for this
Central Texas model may be used to understand the modes in the surface

wave train of the recorded Chemlime explosions.

Table A2. Velocity model for upper crust of Central Texas.

Thickness (km)  Vp (km/sec) Vs ((km/sec)Density (g/cu cm)

0.3 3 1 1.5
0.7 3.1 1.18 1.6
Half Space 5 1.32 2.5
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Processing

The Multiple Filter Analysis technique (MFA), first developed by Dziewonski
and others (1969), and implemented using a set of computer programs
(Herrmann, 1985, 1987, 1988), provides a fast, efficient method of analyzing
multiply dispersed signals (Dziewonski, et. al., 1969). In this method, a set of
narrow band Gaussian filters are applied to the input spectra. The envelope of
the filtered time signal is then searched for the occurrence of the four largest
envelope amplitudes. Each of these amplitude maxima has an associated time
from the origin of the event, and when combined with the distance from the
quarry, a group velocity can be estimated for each one (Herrmann, 1973).
These amplitudes are then contoured and displayed. Figure A8 shows the
result of using the MFA on the vertical component of the June 28 blast,
recorded at station Bl. Analysis was restricted to periods of 0.23 and 3.0
seconds. For periods below 0.23 seconds, the surface wave train analysis is
complicated by the occurring P-wave coda, while periods greater than 3
seconds are contaminated with microseisms and instrument noise.

Interpretation

In Figure A8, the prominent feature of the MFA is the contoured, dispersed
Rg arrival between 0.5 and 2.0 sec period. The dispersion is subtle between
periods of 0.7 to 1.5 sec and flat after periods of 1.5 sec, suggesting very little
change in velocity in the layers greater than 1-km deep.

A spectral hole is evident in the MFA between 2.5 and 3.0 sec period. Spectral
holes may be the result of destructive interference of two wave trains.
Refracted/reflected phases, higher modes, and multipathing are possible
causes of destructive interference in the surface wave train. The exact cause of
the hole in the case of Bl (Figure A8) was never distinguished, while other
spectral holes important to processing surface waves in this study occurred in
the 0.7 to 1.5 sec period range. The cause of these spectral holes was shown by
phase match filtering to be due to multipathing. After extracting Rg by phase
matched filtering, the MFA was performed again on the residual waveform,
which showd the multi-path surface waves to have similar dispersion curves
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Figure A7. Short-period Rayleigh wave dispersion curves generated for the
shallow crustal structure of Central Texas. Rg, the fundamental-mode
Rayleigh, exists for all periods between 0.2 and 3.0 seconds. The next nine
higher modes are also plotted, and demonstrate the complexity of the surface
wave arrivals at periods less than 0.6 seconds period. The Rg dispersion
curve consists of three branches, the normally dispersed branch between
periods of 0.7 and 3.0 seconds, which is separated by an inflection point near
1.2 seconds period. The second branch represents the fundamental-mode
Airy phase at approximately 0.6 seconds period. Finally, the third section of
dispersion exists at periods less than 0.6 seconds and is inversely dispersed.
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that are slightly delayed due to longer propagation paths. In the presence of
spectral holes, the dispersion curve was drawn through the hole to mimic
data interpreted at the of stations without spectral holes..

As the model predicts, the MFA becomes more complicated at periods less
than 0.6 seconds. For these periods, the model-dispersion curves (Figure A7)
illustrates that many higher modes will be present with group velocities
ranging only between 0.95 and 13 km/sec, greatly complicating the
interpretation. Based on the model, the fundamental-mode Airy phase
should travel at 0.9 km/sec with period 0.6 sec. Data (Figure A8) have a group
velocity minimum (Airy Phase) at 0.69 seconds period and 0.88 km/sec

and the branch is inversely dispersed for periods less than 0.69 seconds. The
data also shows the intersection of the first higher mode and the fundamental
mode near a period of 0.5 seconds, slightly different than the model predicts.
Similar interpretations, such as this for station Bl (Figure A9), were made for
the MFA of each record to ensure the most accurate starting model for the
PMF technique.

Azimuthal Variation of Rg Energy

The dispersion curves carefully determined by modeling and MFA serves as
the input to the phase match filtering (PMF) technique (Herrin and Goforth,
1977). The PMF procedure starts with an initial estimate of dispersion,
generally from the MFA, and by an iterative technique finds and applies a
filter that is phase-matched to the particular mode or arrival of a surface
wave, Rg in this study. The relative energy of the extracted Rg can then be

calculated.
Processing

Cross-correlation of a signal s(t) with a filter f(t) can be represented in the
frequency domain as:

s(t) X = | Stw) | |F(w) | exp(d(w)-j(w))),
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Figure A8. The Multiple Filter Analysis (MFA) of the recorded June 28, 1994,
blast at station Bl. The largest amplitudes of the envelope are plotted as
squares, then circles, triangles, and pluses for corresponding lesser
amplitudes. The seismic trace on the far left is the waveform, while the inner
trace represents the waveform scaled linearly versus apparent group velocity.
The normalized contours of this MFA plot show the dispersed Rg between
periods of 0.7 and 2.10 seconds. At periods less than 0.7 seconds, the MFA is
complicated by the appearance of higher modes. At periods greater than 2.10
seconds, a spectral hole (the closed, circular contours on the graph) is
diverting the peak amplitudes of the envelope (denoted by squares) around

the hole.
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Figure A9. The interpreted MFA of the recorded June 28, 1994, blast at station
Bl. By studying the theoretical dispersion curves for the Central Texas crust,
the nature of the observed dispersion curve was established and interpreted
as shown. The complicated higher-mode region was delineated, although not
in true accordance with the model, as was the region affected by the spectral
hole. Similar interpretations were completed for each station’s dispersion

data.
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where d(w) and j(w) are the phase spectrums of s(t) and (f) respectively. If f(t)
is chosen such that the Fourier phase is the same as that of s(t), then f(t) is a
phase-matched filter with respect to s(t). For a more complete discussion of
the PMF technique, the reader is referred to Herrin and Goforth (1977), who
originally defined this class of linear filters. The advantage of using the PMF
is that the final results are less contaminated by higher modes and
multipathing arrivals. Thus, the complex spectrum of the primary signal can
be recovered from multiple arrivals. With this in mind, the PMF represents a
method of extracting Rg from the waveform in order to establish any
azimuthal variations in the energy.

Experimental Results

Two approaches were used to calculate the phase-matched filter of each Rg
record for the June 28, 1994, Chemlime blast. The first method used one
dispersion curve (obtained from the MFA of B8) to initialize the phase-
matched filters for all seismograms in the network. This approach required
more iterations to obtain a reliable PAF, and in some cases never converged
to a trustworthy solution. Minor differences in the crustal velocity structure
along each path forced a second approach for initializing the PMF technique
that considered a different dispersion curve for each station. This method,
although requiring each MFA to be interpreted as described previously,
produced more reliable estimates for the desired filter.

Referring again to Figure Al, note that the June 28 and the July 17 blast are
not along the same wall, but are instead along walls that are almost
perpendicular to one another. The distances between the blasts, no more than
300 meters at most, were enough to cause differences in the dispersion
analyses between the two blasts. These discrepancies are the result of
lengthening or shortening propagation paths by very small amounts (less
than 300 m), resulting in destructive interference. As noted previously, these
holes greatly complicate the dispersion analysis. As an example, the June 28
blast has a spectral hole at 1.2 sec period on station BS, while the dispersion is
smooth and continuous for the same station’s July 17 blast seismogram. The
result was that slightly different dispersion curves were interpreted and used
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for each station and each blast, even though the propagation paths were

similar.

Using PMF, the Rg waveforms in each record was extracted. Figure A10 shows
the low-pass filtered (3 Hz), vertical component from station B7, June 28, blast
and the PMF estimated Rg. The Rg consists of a normally dispersed signal
between 0.7 and 2.0 seconds period with inversely dispersed higher frequency
arrivals superposed. Similar results are found for all other data processed in
this study. By subtracting the estimated signal from the waveform, the
residual waveform can be examined (Figure A10). The residuals show
several events that are higher modes and/or multipathing, depending upon
their time delay. The PMF extracted Rg are plotted in Figures All, Al12, and
A13 to show the amplitudes scaled to constant values, filtered in the forward
and reverse directions with a band-pass filter such that the inversely
dispersed branch is not shown. Previous seismograms from this same quarry
recorded at greater distances do not show the inversely dispersed branch.

The squared sum of the amplitudes of Rg, what we are terming relative
energy, for all three blasts was then determined and plotted (Figure Al4). The
relative energies (relative to station B10 in each graph) are shown as a
function of travel path either crossing or not crossing the open pit. The
results show that azimuthal variations of Rg energy are present, and are
related to the open pit of the quarry. Rg that propagates through the open pit
has less relative energy than Rg for paths that do not cross the pit.

For example, notice the PMF extracted Rg for station BS, which was recorded
for all three blasts (Figure Al4). For the June 28 and July 12 blasts, B8 sits
behind the face of the quarry being mined, and has relative Rg energy greater
than any values propagating across the open pit. But, when the working face
is changed, as in the case of the July 17 blast, and the propagation path to B8
now involves a small part of the pit, the relative energy decreases. Modal
scattering and/or conversion (ie. from Rg energy to higher mode
energy/shorter wavelength energy) may be occurring in the open pit.
Numerical modeling studies are now needed to explain these results.
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Figure A10. The results of the Phase Match Filtering (PMF) technique on the
June 28 blast data at station B7. The top trace shows the lowpass (3 Hz) filtered

input trace characterized by the Rg signal at approximately 9 seconds from the
origin of the blast. The middle trace shows the PMF extracted Rg which,
although not easily seen, consists of reversely dispersed Rg superposed on
normally dispersed Rg with periods between 0.7 and 2.75 seconds. The final
plot shows the residual trace, obtained by subtracting the middle trace from
the top. The result is that Rg has been removed leaving only multipaths
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(MP) and higher-modes in the remaining surface wave train.
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After the extraction of Rg from the signal, higher-mode surface waves still
exist in the residual seismogram. By using time-domain windows inferred
from the group velocities of these higher modes, the relative energy in the
higher modes was calculated. Remarkably, the only place where the residual
higher-mode energy exceeded the Rg energy was at stations Bl and B2, both
having the propagation paths affected by the open pit. This suggests the
possibility that Rg is converting some energy into higher modes.

The open pit may not be the only cause of such azimuthal variations in
relative energy. We note that the ripple direction may have an effect. The
ripple fire direction for the July 17 direction was almost directly in line to
station B2. Even though the path was across the open pit of the quarry, the
relative energies of Rg were greater for this blast at B2 than the same station’s
record for the July 12 blast, where the ripple direction was parallel to the
station. Even so, the open pit hypothesis seems to complement the energy
variations somewhat better than dependence upon ripple fire direction.

Conclusions

1. The upper crust in Central Texas has a high value of Poisson’s ratio (s),
estimated to be between 0.35 and 0.40, such that the dispersion curves for
short-period Rayleigh waves are very complex.

2. The dispersion curve for the fundamental-mode Rg consists of two limbs
separated by an inflection point, an Airy phase, and an inversely dispersed
branch. One limb has bandwidth 1.5 to 2.75 seconds period and a subtle
dispersion. The second limb, between 0.7 and 1.5 sec period has more
noticeable dispersion. The Airy phase travels at 0.9 km/sec and has a period
of 0.6-0.7 sec. The inversely dispersed branch is complicated by the arrival of
the first higher mode, but can be distinguished when models for the
dispersion are considered.

3. Spectral holes in the Multiple Filter Analysis (MFA) are localized near 0.9
sec period in this study, and are caused by multipathing of surface waves. If
these spectral holes are not accounted for, considerable error in group-velocity
dispersion curves can occur. Dispersion curves in this study were obtained by

projecting the curve through the holes.
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B4 and B6, inoperable due to disk failure during the entire experiment, and
other sites failing to perform are plotted to show the extent of the coverage
desired, but not obtained in the experiment. Even with the lack of desired
data, there does seem to be a relationship between the relative energy that

varies azimuthally around the quarry and the open pit.
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4. The Phase Match Filter (PMF) technique is a reliable means of separating Rg
from a complicated surface wave train when the dispersion curve used to
initiate the technique is accurate.

5. Relative energy in extracted Rg from this study shows that Rg contains
more energy on paths not crossing the open pit of the quarry than those

propagation paths that do.
6. Relative energy in the remaining higher-mode surface waves show higher

mode energy exceeding Rg only on paths that cross the open pit.

7. The fact that paths involving the open pit in some cases have half the Rg
energy than those that do not suggest modal convergence of Rg to Lg will
occur much earlier than the 175 km distance usually noted in Central Texas.
Also, it is possible that this can explain numerous examples in which
seismograms from the same quarry look remarkably different from blast to
blast. Based on this study, it would be possible for the quarry to move its
blasting operations to the opposite side of the quarry and change the nature of
the Rg seismogram recorded at a permanent station.
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APPENDIX B — SEISMO-ACOUSTIC SYNERGY

Eugene Herrin, Valeriu Burlacu, Ileana Tibuleac, Chris Hayward, Jessie
Bonner, Paul Golden and G.G. Sorrells

INTRODUCTION

In CD/NTB/WP.225 Working Group I of the Ad Hoc Committee on a
Nuclear Test Ban (UN Conference on Disarmament) suggested on 13 March
1995 that the IMS include “..a [infrasonic monitoring] network designed to
provide uniform global coverage with a high probability of detecting a 1 kt
nuclear explosion in the atmosphere, taking full advantage of synergy with
other systems...” They further state that “The experts propose a system of
between 60 and 70 infrasound stations....” Proposed plans by several expert
groups for this system call for many of the infrasound stations to be collocated
with primary IMS seismic stations. Clearly there would be a net reduction in
cost and operational complexity with the collocated systems sharing the
required infrastructure and communication channels. It is the purpose of this
paper to demonstrate that there are additional advantages to collocation;
namely, important data for event characterization will be generated because

of seismo-acoustic synergy.

Over two decades ago Donn and others (1971) reported the observation of air-
coupled seismic waves at long range from Apollo launchings. Using
microphones and seismographs collocated in arrays in Georgia, USA, they
recorded simultaneous acoustic and seismic waves from launchings of
Apollo 13 and 14, a distance of 374 km to the south, at times appropriate to the
arrival of acoustic waves from these sources.

At a recent GSE Workshop (26-29 June, Baltimore, USA), Dr. Michael Jost
discussed outages at GERESS (FRG) caused by summer thunderstorms and
showed records of seismic signals resulting from thunder-induced acoustic
waves. We have observed similar seismo-acoustic signals at TXAR. In May
1991, a connector failure in a GS 13 Z seismometer at the Lajitas seismic
station (TXAR) caused the instrument to respond to electromagnetic pulses
from lightening in nearby thunderstorms. Figure Cla shows sharp pulses
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caused by lightning (indicated by flags) followed by ground motion caused by
the following acoustic signal (thunder). The spectra shown in Figure Clb
show that thunder induced ground motion is well above ambient noise at

frequencies greater than about 0.5 Hz.
THE THOMPSON HOLLOW EXPERIMENT

Because of the developing interest in using collocated infrasonic and seismic
stations in the IMS, we began this year to investigate carefully the
relationship between acoustic waves and induced ground motion,
particularly for frequencies between 0.5 and 10 Hz. An experiment was carried
out at a site called Thompson Hollow in Central Texas. A small pipe array
with a B & K microphone was collocated with a Sprengnether $-6000 vertical
seismometer at a distance of 9.75 km from the Chemline quarry. The rock
properties at Thompson Hollow are shown in the following stratigraphic

section.
Surface
Clay Walnut fm. Vp=1km/s
and and Vs =0.5km/s
20 m sand Paluxy fm. p=14gm/cc
_________________________ Laver
Half Space
Vp=26km/s
Limestone Glen Rose fm. Vs =15 km/s
p=25gm/cc
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Figure Bla. Short-period vertical seismograms illustrating lightning-triggered
EM pulses followed by seismic signals presumably generated by the passage of
the atmospheric waves caused by the lightning. These data were recorded at
LTX in 1991 during a period of local thunderstorm activity.

A Mg
:— d { /“\'
S AL
S‘; -19. uE— i.(‘\l '\\}'\
PE N\ \
wn W |
) - N\
e \1
a.::» ' I - . ! . ! ! ! li J \-A‘

Figure B1b. Comparison of the ambient-noise spectrum with the spectrum of
a representative short-period vertical seismic signal in the middle trace of
figure Bla. The comparison shows that this type of source can generate power
levels that are substantially above the ambient background at frequencies

greater than about 0.5 Hz.
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Using a theoretical analysis developed by Sorrells (1971) and Sorrells and
Goforth (1973), a predicted transfer function for Thompson Hollow (Figure
B2) shows nanometers displacement divided by acoustic pressure in
microbars as a function of frequency. In the frequency band of interest, ground
motion was predicted to be about 2 nm per mbar pressure change. Figures B3
through B5 show filtered waveforms on the microphone and seismic
channels for the acoustic arrival from the Chemline quarry blast. Figure B6
shows the crosscorrelation between ground acceleration and sound pressure
level. As predicted, the two signals are 180° out of phase indicating that an
increase in sound pressure causes a downward acceleration of the ground.
The observed relations between sound pressure and ground motion
compared with the predicted values (Figure B2) are as follows:

Frequency Band Predicted Observed
(nanometers/microbars)

1-2Hz 2.0 : 23

2-4Hz 1.8 2.0

4-8 Hz 1.8 1.0

The agreement between the theoretical and observed seismo-acoustic
coupling is very good considering that the velocities and densities used in the
calculations were approximate values. The Thompson Hollow experiment
supported the theoretical model providing confidence that calculations made
for the Lajitas, Texas, area (TXAR) and the Pinedale, Wyoming, area (PDAR)

would prove to be reliable.

IDENTIFICATION

Explosions in quarries or open-pit mines are distributed in space and time in
order to minimize collateral damage from air blast and ground motion and to
make the most cost-effective use of explosives. These distributed explosions,
sometimes referred to as ripple-fired or row-fired shots, provide a shear-wave
source that has a relative long time duration resulting in a low-frequency
peak in the Sn-Lg spectrum observed at regional distances. Because this peak
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dominates the spectrum, an auto-regressive model is appropriate to identify
the spectral characteristics of commercial explosions.

Figure B7 shows the mathematical model for an auto-regressive (AR) or all-
pole process of order p. In order to determine the most dominant spectral
feature of a regional waveform, we have used an order 3 AR model. This
model has one real pole and a pair of conjugate complex poles. For an AR
process to be stable the complex poles must lie outside the unit circle in the
complex z-plane. In Figure C8 we plot the reciprocal of the pole position
relative to the unit circle. Angular position is determined by the frequency
between 0 and % radians. In our data, the real pole always lies at zero radians
because of the effect of a strong anti-alias filter. The closer the pole is to the
unit circle, the stronger the spectral peak represented by the pole.

Figure B9 shows the waveform and AR(3) spectrum for Lg from an explosion
in the Vogtland region of Eastern Europe recorded at GERESS. The sharp peak
at 2 Hz comes from a strong complex pole, only positive frequencies being
considered. In Figure B10, frequency and pole position relative to the unit
circle are shown for a moving window 200 points wide (5 sec.) that is
advanced through the waveform with 50% overlap. As the window moves
into the Lg wavetrain, the frequency associated with the complex pole drops
well below 5 Hz and pole strength increases, as the reciprocal pole position
approaches the unit circle. This pattern in the moving window display is seen

only for distributed surface explosions.

Figure B11 shows the waveform and AR(3) spectrum for the Lg phase from
an earthquake in the Vogtland region recorded at GERESS. Note the broad
spectral peak centered at about 8 Fz. In the moving window display shown in
Figure B12, the frequency associated with complex pole stays around 10 Hz as
the window moves through the Lg wavetrain and the reciprocal pole position
does not approach the unit circle. For the Vogtland data set, a discrimination
rule can be applied. Explosions all show reciprocal pole positions greater than
0.7 and frequencies less than 5 Hz. Figure B13 is a summary of pole positions
for AR(3) models of Lg arrivals from the Vogtland region. The stars are
earthquakes and the solid dots are explosions all recorded at GERESS. The
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AR (ALL POLE) PROCESS

x(n)=-— g a(k)x(n—k)+u(n)
k=1

p is the order of the process.

a(k) are the coefficients, generally
complex.

u(n) is the driving Pprocess, here
assumed to be white noise.

Figure B7. Mathematical model for an auto-regressive (AR) or all-pole process
of order p.
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open circles are explosions in the Southern Caucasus of Russia recorded at

GUM.

Not all events are as clearly discriminated as those in the Vogtland data base.
Figure B14 shows the moving window display from an earthquake in the
Steigen region of Norway recorded at ARCESS. Pole position and frequency
are intermediate relative to those of the explosions and earthquakes in the
Vogtland set; however, the position does not move below 5 Hz or above 0.9 as
the window enters the Lg wave train. The ARQ) method is useful as a
ugcreen” or one-sided discriminant. Whenever the characteristic pattern for
the AR(3) moving window display seen in Figure B10 is observed for a
regional signal, the event is a distributed surface explosion. Otherwise, the

event cannot be classified by this method.
OBSERVATIONS AT TXAR

Figure B15 shows waveforms from the TXAR array for m;, 1.9 event on 30
March 1995 from Northern Coahuila, Mexico, about 325km east-southeast of
the station. The moving window display for this event in Figure B15 does not
show the pattern expected for a distributed, surface explosion (compare Figure
B16 with Figure B14). TXAR waveforms shown in Figure B17 are from an
event on 17 February 1995 close to the location of the 30 March event. The
AR(3) moving window display seen in Figure B18 for 17 February event
clearly shows the pattern indicative of a commercial explosion. This event
was located 319 km from TXAR near Villa Unién, south of Piedras Negras,
Mexico, where there are numerous surface coal mines. Figure B19 shows the
acoustic signal from this blast as seen on the vertical seismometers at TXAR.
The time of arrival is consistent with the acoustic wave travel time from
Villa Unién to TXAR and the delays across the array are appropriate to sonic
velocities. Figure B20 shows the 3-component, broadband seismo-acoustic
signal at TXAR for this event. Without the data from the array, this arrival
would almost surely be called “lonesome Lg,” an Lg arrival from an event too
small for the P wave arrivals to be seen. The acoustical arrival from this
explosion was barely detected by the seismic systems at TXAR. Had data from
a collocated infrasonic station been available, crosscorrelation of the seismic
and acoustic signals would have verified the nature of the arrival.
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On 25 July 1995 a larger event from the Villa Unién region (m, 2.5) was
recorded at TXAR (Figure B21). The AR(3) moving window display seen in
Figure B22 is indicative of a commercial explosion. Figure B23 and B24 show
the seismo-acoustic arrivals from this explosion at the time appropriate for
the acoustic arrival, confirming the characterization of this event as a mining
blast. Again had data from an acoustic array been available at TXAR, an even
stronger conclusion as to the nature of this event could have been reached.

CONCLUSIONS

Collocation of seismic and infrasonic arrays should provide seismo-acoustic
synergy useful for identifying surface explosions. This capability will allow
numerous commercial explosions expected to be observed by the IMS to be
identified. Current plans call for the installation of a single infrasonic pipe
array at TXAR that can be used to lower the detection threshold of surface
explosions at regional distances. A four-station infrasonic array will be
installed at Pinedale, Wyoming (PDAR) by Dr. R. Whittaker from Los Alamos
National Laboratory. This installation will serve as a prototype for the
collocated sesmic-infrasonic stations called for in CD/NTB/WP.225. It is
anticipated that identification of explosions seen at TXAR and PDAR will be
significantly aided by the synergistic use of seismic and acoustice data.
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APPENDIX C ~ SEISMO-ACOUSTIC METHODS FOR THE DETECTION OF
ACOUSTIC WAVES

Gordon G. Sorrells
EXECUTIVE SUMMARY

The detection of an acoustic signal and its association with a given seismic
event provides a simple method for the unambiguous identification of
uncontained explosions. The key to the successful utilization of this
approach is the consistent detection of the associated acoustic signal. The
bandwidth of most acoustic signals that may be associated with the detected
seismic signals of low yield uncontained explosions is expected to be 0.5 to 5
hertz and their pressure amplitudes in this bandwidth are likely to be
relatively small outside the source region. Therefore, the best opportunities
for the successful practical application of the method are currently believed to
be at near regional to regional distances and are likely to be realized only with
acoustic monitoring systems that provide a low detection threshold in the
bandwidth of interest. While acoustic signals are conventionally detected
through the use of infrasonic monitoring systems, there are valid reasons to
believe that short period vertical seismograph systems may also be used for
this purpose and may provide lower detection thresholds during adverse
surface wind conditions. Therefore the near term objectives of the seismo-
acoustics research task are to analyze simultaneously acquired seismic and
infrasonic data in order to:

1. Experimentally determine the relative sensitivity of the infrasonic
and seismic detection thresholds for short period acoustic signals to
variations in local wind conditions.

2. Investigate the possibility that short period acoustic waves generated
by quarry blasts and other types of uncontained explosions are detectable at
near regional to regional distances, through the use of infrasonic systems,
seismic systems, or some combination of the outputs of both systems.
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Progress made during this reporting period towards the fulfillment of these
objectives is summarized in the following paragraphs.

The capability to calculate theoretical seismo-acoustic transfer functions has
been significantly enhanced. The results of trial calculations with the
upgraded code predict that acoustic waves with pressure amplitudes of about
a pbar in the 1-10 hertz bandwidth should be produce detectable seismo-

acoustic signals at seismically quiet sites.

Preliminary estimates of infrasonic and seismo-acoustic background noise
levels indicates that the infrasonic detection threshold is extremely sensitive
to local surface wind conditions. In contrast, the seismo-acoustic detection
threshold appears to be virtually independent of these same conditions at
frequencies less than about 6 hertz. While the infrasonic system enjoys a 10-
12 db detection threshold advantage over a vertical seismograph in the 0.5-5.0
hertz bandwidth during calm periods, this advantage vanishes in the 1.0-5.0

hertz bandwidth and falls to the seismograph system during windy periods.
These results suggest that a stable, relatively low threshold can be maintained

regardless of surface wind conditions by selectively using either or both

systems for acoustic signal detection.

A code which estimates the zero lag correlation coefficient for two inputs in a
moving window has been written tested, and calibrated for one configuration.
The initial application of this code to selected records of the output of the
pressure transducer and the TX01 short period vertical seismograph have
yielded very promising results. Three seismo-acoustic detections were made
by the code, two of which were clearly associated with near regional seismic
events detected at TXAR. The association of both seismic and seismo-acoustic
detections for a single event strongly implies an explosive origin. Thus the
preliminary results of this experiment suggests that seismo-acoustic signal
detection and its subsequent association with a seismic event may prove to be
a useful method for the identification of low yield explosive sources.
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1. Background

There is a continuing requirement to develop improved methods for the
positive identification of the seismic signals generated by low yield
explosions. In those cases where the explosive source is uncontained, such as
a quarry blast or a low altitude atmospheric explosion, the observed seismic
signal will be followed by an associated acoustic signal. Thus, in principle, the
detection of an acoustic signal and its association with a given seismic event
provides a simple method for the unambiguous identification of
uncontained explosions. The key to the successful utilization of this
approach is the consistent detection of the associated acoustic signal. The
bandwidth of most acoustic signals that may be associated with the detected
seismic signals of low yield uncontained explosions is expected to be 0.5 to 5
hertz and their pressure amplitudes in this bandwidth are likely to be
relatively small outside the source region. Therefore, the best opportunities
for the successful practical application of the method are currently believed to
be at near regional to regional distances and are likely to be realized only with
acoustic monitoring systems that provide a low detection threshold in the

bandwidth of interest.

Acoustic signals are conventionally detected through the use of infrasonic
monitoring systems. During calm periods, the detection thresholds of these
systems are typically of the order of a pbar or less at frequencies greater than
05 hertz. However, since the pressure fluctuations caused by local surface
winds tend to scale as the cube of the mean wind speed (Bedard et al, 1992)
windy period infrasonic detection thresholds can exceed 10 pbars in this
bandwidth Thus, there is a need to investigate alternative acoustic signal
detection systems which are less sensitive to wind noise. In this regard, it
been shown that the passage of an acoustic signal locally generates earth
motion which may be detectable on the outputs of short period vertical
seismographs at frequencies greater than about 0.5 to 1.0 hertz. This earth
motion will be referred to as the "seismo-acoustic” signal in the following
discussion and in future reports. Since short period vertical seismographs are
usually deployed at shallow depths in order to minimize wind noise, it is
possible that the seismo-acoustic detection threshold may be significantly
lower than the infrasonic detection threshold during periods of adverse wind
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conditions. Thus, through the combined use of infrasonic and seismic
monitoring systems it may be possible to maintain a relatively low acoustic
signal detection threshold in the bandwidth of interest during both calm and

windy periods.

The goals of this research task are to investigate this possibility and to
critically assess the use of associated acoustic and/or seismo-acoustic signals to
identify the seismic signals generated by uncontained explosive sources. The
near term technical objectives of this research task are summarized below.

2.0bjectives

The near term objectives of the seismo-acoustics research task are to analyze
simultaneously acquired seismic and infrasonic data in order to:

2.1. Experimentally determine the relative sensitivity of the infrasonic
and seismic detection thresholds for short period acoustic signals to
variations in local wind conditions at TXAR.

2.2. Investigate the possibility that short period acoustic waves

generated by quarry blasts and other types of uncontained explosions are
detectable at near regional to regional distances, through the use of infrasonic
systems, seismic systems, or some combination of the outputs of both

systems.

Progress towards the fulfillment of these objectives is summarized in the

following paragraphs.

3. Results to date

ismo-Acoustic Transfer Function It follows from Sorrells and

Goforth(1973) that if P(w) is the spectrum of a plane acoustic wave which
propagates with a horizontal phase velocity, ¢, then the jth component of the
velocity spectrum of the seismo-acoustic signal, Ujt, is given by

Ujlt(w,z;c) = inj(w/c,z)P(w) j=13 1
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where G; is the jth component of the seismo-acoustic displacement transfer

function. During this reporting period, the existing MATLAB code for the
calculation of seismo-acoustic transfer functions was upgraded to calculate
either velocity or displacement transfer functions for selectable bandwidths,
depths, acoustic phase velocities, and multi-layered earth models. Examples
of the outputs of the upgraded code are shown in Figure C1.

The two curves shown in Figure Cla are the moduli of the vertical velocity
seismo-acoustic transfer functions for acoustic signals with horizontal phase
velocities of 0.33 and 0.66 km/sec., calculated for a depth of 0.007 km. at
TXAR. The earth model used for the calculations is shown in Figure Cib. It
is based upon results obtained by Sandige-Bodoh (1989) and approximates the
shallow seismic velocity and density structure beneath the TXAR seismic
array. The data shown in Figure Dla illustrate several important features of
the vertical velocity transfer functions in "hard rock" geologic environments.
First of all, notice that for frequendies, f, such that

f << c/2pz ()

the transfer functions are approximately flat and scale linearly with ¢. Thus,
other factors being equal, the seismo-acoustic detection threshold at
frequencies less than a few hertz, is expected to increase approximately
linearly with the horizontal phase velocity of the impinging acoustic wave. It
should also be observed that at frequencies which fail to satisfy the inequality
above the transfer functions will, as a general rule, attenuate exponentially as
a function of increasing frequency. It has been shown by Sorrells (1971) that
the attenuation rate is virtually independent of the elastic properties of the
medium and functionally dependent only upon the magnitude of the ratio of
the observation depth to the seismo-acoustic wavelength. Since seismo-
acoustic wavelengths are generally less than 100 meters at frequencies greater
than a few hertz, substantial signal attenuation will be encountered at
moderate to high frequencies if the sensor deployment depth exceeds a few
tens of meters. This phenomenon must be kept in mind if short period
vertical seismographs are to be used to detect both seismic and seismo-
acoustic signals. Finally, it is important to notice that the magnitude of the
0.33 km/sec. transfer function is greater than about 2 nm/sec/pbar at
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Figure Cla. Comparison of the moduli of vertical velocity seismo-acoustic
transfer functions for acoustic-wave velocities of 0.33 and 0.66 km/sec and a
depth of 0.007 km at TXAR. Figure C1b. The shallow seismic velocity and
density structure at TXAR (from Sandidge-Bodoh, 1989).
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frequencies less than 10 hertz. Since the background noise levels at
seismically quiet sites at frequencies greater than 1 hertz are typically less than
few nm/sec, this result implies that the seismo-acoustic detection threshold at
quiet sites can be of the order of a pbar or less in the 1-10 hertz bandwidth if
the sensors are deployed at depths less than a few 10's of meters. This
phenomenon is examined in greater detail with specific reference to TXAR in

the following paragraphs.

3.2 Comparison of A ic an ismo-A ic Back n ise Level
TXAR

An infrasonic monitoring system was fabricated and deployed at TXAR in late
October 1995. The system consists of a differential pressure transducer
coupled to a noise reducing pipe array. According to manufacturer
specifications, the response of the differential pressure transducer is flat from
de to 200 hertz. It is coupled to a pipe array whose geometry consists of 6
symmetrically deployed legs, each 50 feet in length, which extend radially
from a central collection point. In order to improve the opportunities for the
detection and identification of short period acoustic and seismo-acoustic
signals, the central collection point is located within 50 feet of the borehole
containing the TX01 short period vertical seismograph system. The output of
the infrasonic monitoring system is sampled at the rate of 40 samples per
second and is simultaneously transmitted with the seismic data acquired at
TXAR to SMU and CSS for storage and subsequent processing and analysis.
During this reporting period studies were undertaken to investigate the
differences in infrasonic and seismo-acoustic background noise levels during
various sets of local wind conditions at TXAR. The preliminary results of
these studies are summarized in the following paragraphs.

Spectral estimates of the infrasonic noise power representative of locally calm
and windy atmospheric conditions are compared in Figure D2a. These data
have been corrected for the system response of the pressure transducer and
have been plotted in db relative to 1 pbar?/hertz. Notice that the change from
locally calm to locally windy atmospheric conditions results in a wide band
increase in the infrasonic noise power of some 20 to 30 dB. In the 0.5-5.0 hertz
bandwidth the change from calm to windy conditions results in an increase

79




the rms background noise levels from 0.8 pbars to 13.3 pbars. It may be
inferred from these results that the short period infrasonic detection
threshold at TXAR will be seriously degraded during periods of locally
moderate to high surface wind speeds.

Spectral estimates of the equivalent seismo-acoustic noise power observed
during the identical atmospheric conditions referred to earlier are compared
in Figure C2b. For the purposes of this report the equivalent seismo-acoustic
noise power is defined to be the estimated vertical seismic noise power
corrected for system response and divided by the squared modulus of the
vertical velocity seismo-acoustic transfer function. This definition is directly
analogous to the definition of system noise viewed at the output of a
transducer. Insofar as acoustic wave detection is concerned, seismic earth
noise is the "system noise" of a seismo-acoustic transducer whose properties
are determined by the local seismic velocity and density structure as well as
the horizontal phase velocity of the impinging acoustic wave. For the
spectral estimates shown in Figure C2b it has been assumed that the 0.33
km/sec transfer function shown in Figure Cla correctly describes the local
seismo-acoustic response at TXAR. Observe that the change from locally calm
to windy conditions has little significant impact on the seismo-acoustic noise
power at frequencies less than about 6 hertz.. In particular, it was found that
in the 0.5-5.0 bandwidth, the rms seismo-acoustic background noise was 2.9
pbars and 3.0 pbars during the calm and windy periods, respectively. This
difference is significantly less than the expected estimation errors. Therefore,
it may be inferred from these results that the short period seismo-acoustic
detection threshold will be virtually independent of the atmospheric
turbulence associated with the local surface winds.

The rms infrasonic and seismo-acoustic noise levels observed during these
initial studies are summarized and compared to similar measurements in the
1.0-5.0 bandwidth in Table C1 below.The preliminary results summarized in
this table suggests that a relatively low stable acoustic detection threshold may
be sustained at TXAR by using infrasonic observations in the 0.5-5.0 hertz
bandwidth during calm periods and seismo-acoustic observations in the 1-5.0

hertz bandwidth during windy period.
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power observed during identical conditions referred to in figure C2a.
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Table C1. Comparison of the rms infrasonic and seismo-acoustic background
noise levels in the 0.5-5.0 Hz and 1.0-5.0 bandwiths at TXAR. Units are in

ubars
0.5-5.0 Bandwidth 1.0-5.0 Bandwidth
calm windycalm windy
Infrasonic Noise 0.8 13.3 0.8 10.7
Seismo-Acoustic Noise 29 3.0 0.6 09
3.3 Seismo-acoustic Identification f Qu nd Mine Bla

Since infrasonic and seismic noise in the short period signal bandwidth are
derived from mutually independent sources, observations of the two fields
should be expected to be statistically incoherent. This expectation is
confirmed by the results shown in Figure C3, where the estimated coherence
between the outputs of the pressure transducer and short period vertical
seismograph at TX01 are plotted as a function of frequency in the 0.1-10 hertz

bandwidth.

The data used for these calculations were acquired in the calm period
referenced above. Similar results were obtained for observations made
during the windy period referenced above. Thus, it may be concluded that
the outputs of the pressure transducer and TXO01 vertical seismograph will be
uncorrelated in the absence of an acoustic signal. On the other hand, it
follows from equation 1 that these outputs should be correlated in the
presence of an acoustic signal. Since the two monitoring systems are
horizontally separated by less than 50 feet, estimation of the zero lag
correlation coefficient should provide the data necessary to detect the
presence or absence of an acoustic signal. During this reporting period a
MATLAB code was written to estimate the zero lag correlation coefficient
between two input data sequences. In its current configuration, the code
accepts data records of selectable lengths from the outputs of the pressure
transducer and the TX01 short period vertical seismograph. The inputs are
filtered to pass data in the 2-8 hertz bandwidth, then estimates of the
normalized zero lag correlation coefficient are made in a 5 second window
which is sequentially shifted forward in one second intervals. The output of
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the code is a time series whose amplitudes are found in the interval [-1,1] and
whose sample points are separated by 1 second in input record time.

The provisional criteria used for the identification of an acoustic signal using

this particular configuration are that:
1. The sign of the correlation coefficient must be negative.

2. The magnitude of the correlation coefficient must be greater than
0.35

The first criterion simply reflects the fact that a local increase in atmospheric
pressure applied at the surface of the earth produces negative vertical earth
movements at an point located beneath the surface. The second criterion was
determined experimentally by running the correlator code continually on two
randomly correlated time series for a simulated 24 hour period. The results
of this test indicated that by setting the correlator at -0.35 the probability of a
false alarm will be less than 0.001.

In order to associate an acoustic detection with a seismic signal, one
additional constraint is imposed: the apparent group velocity, vg, when

referenced to the estimated origin time and distance of the seismic event

must satisfy the condition that;

0.24 km/sec<vg<0,36 km/sec 3)

Initial tests of the correlator code have yielded promising results. In its first
application to real data on day 1995_311 two of three acoustic event detections
made by the code were associated with two low magnitude seismic events
located about 140-150 kilometers south of TXAR. An example of one of these
signals is shown in the upper panel of Figure C4. The output of the correlator
code for the same time period is plotted in the lower panel. The solid
horizontal line in the lower panel identifies the acoustic detection threshold
for the correlator code. Notice that the correlator code output crosses the
detection threshold about 7 minutes after the arrival of the seismic signal
shown in the upper panel. The value of the correlation coefficient at its
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Figure C4. An example of the seismo-acoustic correlator code to identify the
seismic signals generated by uncontained explosions. Upper Panel: Short-
period vertical seismogram of a near regional seismic event detected at
TXAR. Lower Panel: Output of the seismo-acoustic correlator code for the
same time interval (see text for additional detail).
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minimum point beyond the detection threshold is -0.46 which clearly satisfies
the criteria for an acoustic signal detection. The group velocity referenced to
the estimated origin time and distance of the seismic event shown in the
upper panel was found to be 0.30 km./sec. It is concluded, therefore, that the
seismic and acoustic signals are associated and the source of both is a low yield

uncontained explosion.
4.0 Summary of Results and Conclusions

The Seismo-Acoustic research task has yielded the following results and

inferences during the current reporting period.

1. The capability to calculate theoretical transfer functions has been
significantly enhanced. The results of trial calculations with the upgraded
code predict that acoustic waves with pressure amplitudes of about a pbar in
the 1-10 hertz bandwidth should produce detectable seismo-acoustic signals at

seismically quiet sites.

2. Preliminary estimates of infrasonic and seismo-acoustic background noise
levels indicates that the infrasonic detection threshold is extremely sensitive
to local surface wind conditions. In contrast, the seismo-acoustic detection
threshold appears to be virtually independent of these same conditions at
frequencies less than about 6 hertz. While the infrasonic system enjoys a 10-
12 db detection threshold advantage over a vertical seismograph in the 0.5-5.0
hertz bandwidth during calm periods, this advantage vanishes in the 1.0-5.0
hertz bandwidth and falls to the seismograph system during windy periods.
These results suggest that a stable, relatively low threshold can be maintained
regardless of surface wind conditions by selectively using either or both

systems for acoustic signal detection.

3. A code which estimates the zero lag correlation coefficient for two inputs
in a moving window has been written tested, and calibrated for one
configuration. The initial application of this code to selected records of the
output of the pressure transducer and the TXO01 short period vertical
seismograph have yielded very promising results. Three seismo-acoustic
detections were made by the code, two of which were clearly associated with
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near regional seismic events detected at TXAR. The association of both
seismic and seismo-acoustic detections with a single event strongly implies
an explosive origin. Thus the preliminary results of this experiment suggests
that a seismo-acoustic signal detection and its subsequent association with a
seismic event may prove to be a useful method for the identification of low

yield explosive sources.
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